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Introduction
Tumor cells differ from their normal counterparts by the ability to evade the regulatory mechanisms of their environment and to propagate in an uncontrolled fashion. Among the phenotypic abnormalities in acute leukemia is the lack of granulocytes, macrophages and platelets caused by the inability of the neoplastic leukocytes to undergo terminal differentiation (Scott, 1997; Warrell et al., 1993; Lin et al., 1999) . Recent approaches in the treatment of leukemias include the use of differentiation-inducing agents like alltrans-retinoic acid (ATRA), 1α,25-dihydroxyvitamin D 3 (1α,25-(OH) 2 D 3 ) and low dose arabinosylcytosine (Hozumi, 1998) . The HL-60 cell line, derived from a patient with acute promyelocytic leukemia, is a widely used model system to study the cellular and molecular events involved in differentiation of leukemic cells. HL-60 cells can be induced to differentiate in vitro from an immature form into different cell types of the myelomonocytic lineage by various compounds including ATRA, 9-cis-retinoic acid (9-cis-RA) (into granulocytes), 1α,25-(OH) 2 D 3 or 12-O-tetradecanoyl-0939Ð5075/2002/0700Ð0759 $ 06.00 " 2002 Verlag der Zeitschrift für Naturforschung, Tübingen · www.znaturforsch.com · D phorbol-13-acetate (TPA) (into monocytes/macrophages) (Hozumi, 1998; Collins, 1987) . Differentiation may be followed by apoptosis, a process of active DNA fragmentation (McGahon et al., 1995) . The induction of differentiation and apoptosis is regulated by a network of signal transduction pathways and transcription factors, which are possible targets for a rational tumor therapy (Thompson, 1995; Kinloch et al., 1999) . The search for new pharmacologically active drugs from natural sources like bacteria, plants and fungi has led to the discovery of many clinically useful drugs and approximately 60% of the antitumor agents which are clinically used or in the late stages of development are from natural origin (Shu, 1998) . In the course of a screening of fungal cultures for differentiation-inducing metabolites, cultures of the imperfect fungus Gliocladium, strain 4Ð93, were found to produce a strong inducer of differentiation and apoptosis of HL-60 cells. The isolation and structural elucidation revealed the identity of our compound with Sch 52900, a previously isolated diketopiperazine from a Gliocladium species (Chu et al., 1995) . Beside the inhibition of a c-fos dependent reporter gene, no biological activ-ities of the compound have been reported. In this paper we show that the induction of differentiation and apoptosis of HL-60 cells caused by Sch 52900 is due to an induction of the cell cycle inhibitor protein p21 and an interference with the AP-1 signaling pathway.
Materials and Methods

Producing organism
The Gliocladium strain 4Ð93 (anamorphic Spherostibella; Hypocreacea, Ascomycetes) was isolated from rotting plant material. The specimen showed the characteristics of the genus Gliocladium but the species could not be determined (Domsch et al., 1993) . The strain was kindly provided by H. Anke and is deposited in the culture collection of the LB Biotechnologie, Universität Kaiserslautern.
Fermentation and isolation of Sch 52900
For maintenance on agar slants the strain was kept on YMG medium (malt extract, 1%, glucose, 0.4%, yeast extract, 0.4%, pH, 5.5). For submerged cultivation, strain 4Ð93 was grown in corn meal medium (corn meal, 1%; glucose, 1%; KH 2 PO 4 , 0.15%; KCl, 0.05%; NaNO 3 , 0.05%; MgSO 4 ¥ 7 H 2 O, 0.05%, pH, 5.5). A well grown seed culture of Gliocladium strain 4Ð93 (200 ml YMG medium) was used to inoculate a Biolafitte C-6 fermenter containing 20 l of corn meal medium (3 l air/min) and agitation (120 rpm) at 22 ∞C. The production of Sch 52900 was followed by measuring the induction of differentiation of HL-60 cells by various concentrations of a crude extract. After 10 days of fermentation the mycelia were separated from the culture broth and extracted twice with a total amount of 8 liters methanol-acetone (1:1 v/v). The organic solvents were evaporated and the remaining aqueous residue was extracted with ethyl acetate, dried with Na 2 SO 4 and concentrated in vacuo (40 ∞C). The culture filtrate was applied onto Mitsubishi DIAION HP 21 resin, washed with water and the active compound was eluted with acetone. The eluate was concentrated and the remaining aqueous residue extracted with ethyl acetate. The crude mycelial (1.3 g) and culture filtrate extracts (0.95 g) were separated by subsequent chromatography on silica gel (Merck 60, eluent: cyclohexane: EtOAc, 6:4 v/v) and Sephadex LH20 (eluent: MeOH). The enriched mycelial (38 mg) and culture filtrate products (23 mg) were further purified by preparative HPLC (Merck LiChrospher WP 300 RP 18, 12 µm; column 250 ¥ 25 mm; flow 5 ml/min; H 2 O:MeOH, 8:2 v/v) to yield 3.4 mg pure Sch 52900. The structure elucidation was done by spectroscopic methods.
Biological assays
The antimicrobial spectra, cytotoxicity and macromolecular syntheses in whole HL-60 cells (ATCC CCL 240) were measured as described previously (Anke et al., 1989 (FCS) and 65 µg/ml benzylpenicillin and 100 µg/ml streptomycin sulfate in a humidified atmosphere containing 5% of CO 2 at 37 ∞C.
The induction of morphological and physiological differentiation of HL-60 cells was assayed as described previously (Erkel et al., 1996a) . The cells were grown for 4 days with or without the compounds to be tested. Differentiated cells reduced the water-soluble nitro-blue tetrazolium chloride (NBT) to blue-black cell-associated nitro-blue diformazan deposits. For quantification the percentage of stained cells was determined. The induction of morphological and physiological differentiation of U-937 cells was assayed as described for HL-60 cells with the following modifications: The concentration of phorbolester (TPA) in the NBT dye solution was increased to 10 mg/ml and the incubation time with the dye solution was increased to 60Ð120 minutes. Apoptosis was measured as described by Nagy et al. (1995) , with slight modifications: HL-60 cells (5 ¥ 10 5 /ml in a 24-well tissue culture plate) were incubated with different concentrations of the test compound for 16 or 96 hours and collected by centrifugation at 200 ¥ g for 10 min at 4 ∞C. After washing with phosphate buffered saline (PBS) the cells were lysed by the addition of 200 µl of 20 mm tris(hydroxymethyl)-aminomethane-hydrochloride (Tris-HCl, pH 7.4), 0.4 mm EDTA, 0.4% Triton X-100, transferred to a microcentrifuge tube, and centrifugated at 4000 ¥ g for 10 minutes at 4 ∞C. The supernatants were collected, adjusted to 0.5 m NaCl (final concentration), and the DNA was precipitated by addition of 250 µl isopropanol. The DNA was collected by centrifugation at 15,000 ¥ g for 30 minutes, washed once with 70% ethanol and the samples were separated by electrophoresis on a 1.5% agarose gel.
Reporter gene assays
The reporter plasmids pGE3-NF1 and pGE2-AP1 have been described recently (Erkel et al., 1996b) . Both plasmids carry the reporter gene secreted alkaline phosphatase (SEAP) under the control of a thymidine kinase promoter and 5 ¥ NF-κB or an enhancerless SV40 promoter and 3 ¥ AP-1 binding sites. The reporter plasmid pGE3-NFAT contains the reporter gene SEAP under the control of the thymidine kinase promoter and five copies of the distal NF-AT/AP-1 binding site from the human IL-2 promoter (Matilla et al., 1990) . For expression of the constitutive active MEK 1, the vector pFC-MEK1 was used, which expresses a mutant protein containing a S218E/S222E double mutation and a deletion from amino acid 32Ð51 (Stratagene). Transfection of HeLa S3 and COS-7 cells and determination of the activity of the expressed SEAP was performed as described previously (Erkel et al., 1996a) . The transfection of Jurkat, HL-60 and U937 cells was performed by electroporating (BioRad, Gene Pulser) 6 ¥ 10 7 cells/ml in 0.2 ml HEBS buffer (10 mm 2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid (HEPES, pH 7.05), 68.5 mm NaCl, 2.5 mm KCl, 0.35 mm Na 2 HPO 4 , 3 mm dextrose) together with 30 µg of the indicated reporter plasmids at 500 V/cm. After electroporation the cells were seeded at 1 ¥ 10 6 cells/ml OPTI-MEM medium (GIBCO) containing 10% FCS in a 24 well plate with and without test compounds and SEAP expression was induced as indicated. The activity of the SEAP in the culture medium was determined 24 hours after transfection using the Phospha-Light chemoluminiscent reporter gene assay (TROPIX, MA) according to the manufacturer's instructions with a liquid scintillation counter.
Electrophoretic mobility shift assays (EMSAs) and Western blots
HL-60 cells were starved for 16 h in RPMI medium with 0.5% FCS, treated for the indicated times with the test compounds and induced with various concentrations of TPA. Total cell extracts were prepared using a high-salt detergent buffer and tested for binding to the AP-1 binding sequence as described recently (Pahl and Baeuerle., 1995) . For western blotting cell extracts (50 µg) were analyzed by SDS-polyacrylamide gel (12%) electrophoresis, transferred onto a nitrocellulose membrane, probed with an anti p21-antibody (Dianova) and afterwards with a goat anti-mouse antibody conjugated to horseradish peroxidase. Immunoreactive proteins were detected by enhanced chemiluminescence (ECL System, Amersham).
Results
Sch 52900 (Fig. 1) has been detected during fermentation and isolation by measuring the induction of differentiation of HL-60 cells by various concentrations of a crude extract as described in the experimental section.
Sch 52900 induced the differentation of 50Ð69% of HL-60 cells at concentrations of 6.8Ð13.6 nm as measured by NBT reduction (Table I) . For comparison, DMSO and TPA were used as standards. 1.5% DMSO induced 70Ð80% of HL-60 cells to differentiate and treatment with TPA (1.6 nm) resulted in 60Ð70% of HL-60 to be differentiated. In the controls without additions 4Ð8% of HL-60 cells differentiated spontaneously. At the same concentration of the compound (6.8Ð13.6 nm) 40% of U-937 cells differentiated (Table II) . Retinoic acid, used as positive control, induced 30Ð40% of the cells to differentiate. Controls without induction contained 1Ð2% spontaneously differentiated U-937 cells. In addition Sch 52900 inhibited the growth of HL-60 and U937 cells at concentrations starting from 13.6 nm. Cytotoxic properties of the compound were evaluated against various cultured neoplastic cell lines. As shown in Table III , cytotoxic activities against most tested cell lines could be observed with IC 90 - Microscopic examination of Sch 52900A treated HL-60 cells showed a cell shrinkage and micronuclear bodies which are characteristic for the induction of apoptosis. We therefore investigated the DNA fragmentation upon treatment of HL-60 cells with Sch 52900 by agarose gel electrophoresis. As shown in Fig. 2 , treatment of the cells with 34 nm Sch 52900 resulted in a complete DNA fragmentation within 16 h, which was comparable to 0.57 µm camptothecin as positive control. Treatment of the cells with 13.6 nm Sch 52900 for 96 h showed a similar DNA fragmentation (data not shown).
The cell cycle inhibitor p21 (WAF) has been implicated in mediating growth arrest by various conditions including terminal differentiation. Recently it has been shown that treatment of HL-60 cells with TPA resulted in the induction of the p21 WAF protein and an increased expression of the cyclin/cdk inhibitor p27 by a MAP-Kinase dependent mechanism (Das et al., 2000) . To determine whether the induction of HL-60 cell differen- tiation is due to an increase in the expression of the p21 WAF protein, HL-60 cells were treated with Sch 52900 or TPA for the indicated times and total cell extracts were immunoblotted with a p21 antibody. As shown in Fig. 3 , exponentially growing HL-60 cells express no detectable amount of p21 WAF . Treatment of HL-60 cells with 5 ng/ml TPA resulted in a time-dependent induction of p21 expression. An induction of p21 expression was also detected after 12 h of Sch 52900 treatment, which was further increased after 24 h of incubation. This correlates well with the time when HL-60 cells undergo apoptosis as shown by DNA fragmentation.
The involvement of the ERK1/ERK2 kinase, the c-jun N terminal kinase and p38 MAP kinase pathways have been implicated in the induction of differentiation of HL-60 cells by retinoic acid and TPA (Meighan-Mantha et al., 1997; Wang and Studzinski, 2001 ). The common endpoint of these pathways is the induction of the transcription factor AP-1. We therefore investigated the influence of Sch 52900 on an AP-1 transcriptional reporter. Transfection of HL-60 or U 937 cells with an AP-1 specific reporter construct and induction with 25 ng/ml TPA resulted in a 20 to 40 fold increase in SEAP expression compared to the uninduced control (Fig. 4A) . Low concentrations (6.8 nm, 5 ng/ml) of Sch 52900 actually potentiated the stimulation of AP-1 activity in HL-60 cells whereas higher concentrations (15 ng/ml) inhib- ited the AP-1 activity. In U-937 cells a concentration dependent inhibition of TPA induced AP-1 activity by Sch 52900 could be observed. Sch 52900 alone failed to induce AP-1 dependent reporter gene expression in either HL-60 or U-937 cells. In order to further characterize the influence of Sch 52900 on the AP-1 dependent signaling HL-60 and HeLa cells were transiently transfected with a constitutive active MEK-1 variant (caMEK-1). As shown in Fig. 4A , overexpression of caMEK-1in HL-60 cells caused a 38-fold increase in AP-1 dependent SEAP expression. These effects were suppressed by Sch 52900 in a concentration dependent manner. Transfection of HeLa S3 cells with the caMEK-1 expression plasmid resulted in a 50-fold increase in reporter gene activity (Fig. 4B) . In HeLa S3 cells Sch 52900 inhibited AP-1 activity in the presence of coexpressed caMEK-1 to the same extend as in HL-60 cells (IC 50 : 10 ng/ml, 13.6 nm). These data indicate a target for Sch 52900 downstream of MEK-1 in the AP-1 pathway. CaMEK-1 mediated induction of AP-1 activity was only slightly affected by the synthetic compound 2-(2-amino-3Ј-methoxy)-flavone (PD98059), which is in accordance with the proposed mode of action as an inhibitor of MEK-1 activation by upstream protein kinases such as Raf (Alessi et al., 1995) .
In order to determine the effect of Sch 52900 on activation of the AP-1 transcription factor complex, EMSA's of whole cell extracts with a high affinity AP-1 binding site have been performed. No detectable AP-1 DNA binding activity was found in unstimulated HL-60 cells (Fig. 5) . Stimulation of HL-60 cells with TPA, an activator of protein kinase C, for 16 h resulted in a concentration-dependent induction of AP-1 binding activity (band 1), which disappeared after addition of a 10 fold excess of unlabelled AP-1 probe. Incubation of HL-60 cells with 10 ng/ml TPA and different concentrations of Sch 52900 lead to a complete loss of the faster migrating AP-1 binding activity starting from 2.5 ng/ml (3.4 nm) of the compound. In addition the appearance of a second upper band (2) could be observed which may be due to an alteration in the composition of the AP-1 transcription factor complex (Angel and Karin, 1991) .
The related diketopiperazine gliotoxin has been described to inhibit the activation of the transcription factor NF-κB by blocking the catalytic activities of the 20S proteasome and preventing the degradation of the phosphorylated form of the inhibitor protein IκB (Pahl et al., 1996; Kroll et al., 1999) . It has been suggested that the immunosuppressive activities of gliotoxin are at least partially due to the interference with the NF-κB dependent pathway. Therefore we investigated the influence of Sch 52900 on the expression of a NF-κB dependent SEAP reporter gene construct in transiently transfected HeLa S3 cells after stimulation with TPA. No inhibition of the NF-κB mediated expression of the reporter gene could be observed at concentrations of up to 10 ng/ml of the compound. The transcription factors AP-1, NF-κB and NF-AT have been shown to be essential for the inducible interleukin-2 (IL-2) expression in activated T-cells (Rooney et al., 1995) . Treatment of Jurkat T-cells with ionomycin, which elevates intracellular levels of calcium and TPA, which activates protein kinase C, can mimic the activation of T-cells by the T-cell receptor (Flanagan and Crabtree, 1992) . In order to determine the effect of Sch 52900 on T-cell activation, Jurkat cells were transiently transfected with a reporter plasmid expressing the reporter gene SEAP under the control of five copies of the distal NF-AT/AP-1 binding site from the human IL-2 promoter. Sch 52900 inhibited the TPA/ionomycin induced NF-AT mediated SEAP expression with an IC 50 -value of 1 ng/ml (1.4 nm) In addition 2.5 ng/ml Sch 52900 inhibited the inducible IL-2 synthesis in TPA/ionomycin stimulated Jurkat cells to 80% (Fig. 6A,B) . Higher concentrations completely blocked the IL-2 synthesis in Jurkat cells. Sch 52900 also inhib- ited the AP-1 driven expression of the SEAP reporter gene in TPA stimulated Jurkat cells with an IC 50 -value of 1 ng/ml (1.4 nm).
Discussion
In a screening of fungal extracts for differentiation inducing metabolites, we identified the verticillin derivative Sch 52900 as a strong inducer of differentiation of HL-60 and U937 cells at concentrations starting from 6.8 nm (5 ng/ml). In addition, an inhibition of proliferation and the induction of DNA fragmentation, a hallmark of apoptosis, was observed after treatment of HL-60 cells. Our data provide evidence that the inhibition of proliferation and the induction of differentiation of HL-60 cells by Sch 52900 is due to an induction of the cell cycle inhibitor p21 WAF . Since HL-60 cells have a null-p53 phenotype our results demonstrate that p21 induction during terminal differentiation occurs independently of p53. Several other differentiation inducing agents like TPA, retinoic acid, 1α,25-(OH) 2 D 3 , okadaic acid and IFN-γ have been shown to result in an induction of the p21 WAF protein which correlates with growth arrest and differentation (Jiang et al., 1994; Zhang et al., 1995) .
All three MAPK cascades , the ERK, JNK and p38 MAPK pathways have been implicated in differentiation of mammalian cells. Recent studies have demonstrated that the involvement of MAPK cascades in differentiation is cell specific and that there are profound differences between the mechanisms of TPA, retinoic acid or 1α,25-(OH) 2 D 3 induced differentiation (Wang and Studzinski, 2001 ). The common endpoint of the MAPK cascades is the activation of the transcription factor AP-1 composed of different members of the c-Jun and c-Fos families which form a variety of homo-and heterodimers and bind to a common binding site in the promoter of genes responsible for proliferation, differentiation and survival (Karin, 1995) . Sch 52900 has recently been described as an inhibitor of a c-fos driven lac Z reporter gene and it was suggested that the biological target lies in the signal transduction pathway leading to the induction of a subset of immediate early genes (Chu et al., 1995) . Our results show that Sch 52900 interferes with the activation of the transcription factor AP-1 by inhibiting a common target downstream of the MAP kinase MEK-1. The compound alone failed to induce an AP-1 dependent reporter gene indicating that the induction of differentiation is independent of the activation of the AP-1 transcription factor. It has recently been shown that the inhibition of the ERK pathway is required to induce apoptosis in K562 and HL-60 cells and it seems conceivable that the interference with components of the sig-naling pathway leading to ERK activation by Sch 52900 are responsible for the induction of apoptosis and differentiation (Kang et al., 2000) . In addition, our results show that in contrast to the TPA-induced HL-60 differentiation the induction of the p21 WAF protein by Sch 52900 is independent of the activation of the ERK kinase.
Recently evidences have been provided that small molecular inhibitors of the MEK/MAPK pathway profoundly affect the growth of acute myeloid leukemia (AML) cell lines (e.g. HL-60) and AML samples with constitutive MAPK activity whereas cell lines with a low level of constitutive MAPK activity (e.g. U937) proved relative resistant. In addition MEK inhibition sensitized leukemic cells to the proapoptotic effects of retinoids and chemotherapy (Milella et al., 2001) . Our data show that the inhibition of the MAPK pathway by Sch 52900 is responsible for the growth arrest and induction of differentiation in HL-60 and U937 cells and that in contrast to the synthetic MEK inhibitor PD98059, treatment of HL-60 cells with Sch 52900 resulted in an induction of the p21 WAF protein.
The inhibition of the AP-1 dependent signaling pathway may also contribute to the observed immunosuppressive properties of Sch 52900 since it has been shown that the activation of the ERK cascade is required for IL-2 production and transcriptional activation of the distal NF-AT/AP-1 binding site from the IL-2 promoter in TPA/ionomycin or anti-CD3/anti-CD28 stimulated Jurkat cells (DeSilva et al., 1998) .
In conclusion our data demonstrate that Sch 52900 induces differentiation and apoptosis in HL-60 cells by interfering with the signaling pathways leading to AP-1 activation downstream of MEK but the exact target remains to be elucidated.
